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Abstract
The continuous growth of the composites industry accompanied by the use of emerging new materials and even more complex 
shapes and structures cause increasing difficulties in design, production and maintenance of composite products. One issue is the 
insufficient knowledge about the cure kinetics of the composites during the production phase, which directly results in some 
imperfectly cured composite parts. Another issue is the insufficient knowledge about the structural health of the composites, for 
instance the ageing, during the operation phase. In this paper, current progress in the development of a dielectric sensor system 
for the on-line cure monitoring of composites is presented. The dielectric sensor was fabricated by Printed Circuit Board (PCB) 
technology on a flexible substrate into a final interdigital structure. The dielectric properties of the resin, which were monitored 
by the interdigital sensor, changed during the curing. By analysing the dielectric data (relative permittivity, and loss factor), the 
degree of the cure can be understood. The data obtained in the experiments clearly showed the different stages of the cure, which 
can be used with confidence as a tool for the monitoring of the composite cure.
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1. Introduction
Advanced polymer matrix composites (PMC’s) have gained their popularity over traditional heavy metals in 
high-performance products such as aerospace components, where the products need to be mechanically strong 
enough, yet light-weighted and resistant to harsh environment. The recent advancement of composites has led to the 
adoption by other industries such as construction, wind energy, and automotive. The continuous growth of 
composites industry accompanied by the use of emerging new materials and even more complex shapes and 
structures cause increasing difficulties in design, production and maintenance. Thus, the need to optimize the life 
cycle of composites has become of great importance.
One issue is the insufficient knowledge about the cure kinetics of the composites during the production phase. 
This lack of information directly results in some imperfectly cured composite parts that suffer from poor physical 
and chemical properties. Another issue is the insufficient knowledge about the structural health of the composites 
during the operation phase. One cause of the structural failure is the degradation/ageing of composites. The 
degradation of composites usually reduces the mechanical, thermal and chemical performance, and eventually leads 
to the failure of the complete composite system. 
Several methods have been proposed to characterize the cure kinetics and monitor the cure process, for instance 
differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and dielectric analysis (DEA). DSC 
is the most popular thermal analysis technique, which can fingerprint the thermal and mechanical history of 
polymers that is related to the cure process. However, DSC is not applicable when it deals with large amount of 
sample [1]. DMA, likewise, is not suited for on-line cure monitoring since it is usually performed in a laboratory 
environment under ideal conditions. On the contrary, dielectric analysis is rather flexible in terms of experimental 
setup and condition, and can easily be applied to the on-line cure monitoring of composites. 
The most widely used dielectric measurement system is based on the use of a parallel plate capacitor or an 
interdigital capacitor (IDC). A parallel plate capacitor is very useful to determine the bulk dielectric properties of the 
material. The advantage of parallel plate capacitor is the easy interpretation of the measured data. However, this 
system can become problematic when the geometry of the parallel plate cannot be controlled, for instance the 
spacing between the plates changes with external pressure. IDC, on the other hand, doesn’t suffer from this problem. 
IDC is a type of coplanar capacitor, where the anode and cathode are in the same 2D plane. It possesses many 
advantages, for instance high adjustability, one side access to the materials under test, easiness to operate [2]. 
In this paper, current progress in the development of a dielectric sensor system for the on-line cure monitoring of 
composites is presented. Since the change in the dielectric properties of composites during the curing is mainly 
contributed by the matrix material, current work focuses on the study of a pure epoxy resin, as a first step to fibre 
reinforced composite. An interdigital sensor was fabricated as the dielectric sensor to monitor the dielectric 
properties of the epoxy resin. The retrieved data showed clear changes in dielectric properties of the resin at 
different stages of the curing, and proved the feasibility of the developed system for the on-line cure monitoring of 
composites.
2. Theory
Dielectric analysis (DEA) usually involves the measurement of the permittivity ܭ as a function of temperature,
external AC frequency and magnitude of applied voltage. The permittivity ܭ is usually expressed in the complex 
form:
ѓ* = ѓ’ - j ѓ”                         (1)
where j is the imaginary unit which satisfies j2 = -1. The real part of the permittivity ѓ’ is often referred to as 
‘relative permittivity’ or ‘dielectric constant’, it express the ability of the material to store the electrical energy. The 
imaginary part ѓ” is often referred to as the ‘dielectric loss factor’. It expresses the energy loss due entirely to the 
dielectric medium. 
During the curing of the epoxy resin matrix composite, the dielectric properties of the resin change dramatically. 
The resin starts off as uncured monomer or pre-cured polymer in the liquid state with low viscosity. The ionic 
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impurities are able to move freely in the composites, which contributes to the loss factor at low frequencies. With 
the progression of the curing process, the crosslinking between monomers or pre-polymers takes place and a 3D 
polymer network is formed and expanded. The formation of the polymer network/chain influences the change in 
permittivity. Furthermore, the resin becomes solid and highly viscous, thus the motion of the ion impurities is 
limited and a drop in loss factor is expected. By monitoring the dielectric properties of the resin (permittivity and 
loss factor), we can monitor different stages of the curing process.
The complex permittivity ѓ* is analogous to the concept of complex impedance Z*, and the two of them are 
related by [3]:
1/ѓ* = jȦѓ0Z*                          (2)
where Ȧ is the radian frequency of the applied AC voltage signal and ѓ0 is the vacuum permittivity, with ѓ0 =
8.854·10-14 F/m. Z* is called the complex impedance, it describes the measure of opposition a circuit presents to 
alternating current. Therefore, the measurement of the impedance values and evolution of them over time will 
provide information on material’s dielectric properties. IDC is used to measure the impedance. The basic geometry
of IDC is given in Fig. 1(a), where w stands for the width of each ‘finger’, g stands for the gap (spacing) between 
fingers, and L stands for the finger length. Another important parameter is the number of fingers. These parameters 
determine the sensitivity of the IDC, and the sensing depth (penetration depth) into the dielectric [4-6]. For a 
dedicated application, these parameters have to be carefully chosen, to ensure enough sensitivity while keeping the 
geometry within the design limit.
             
(a)                                                                                        (b)         
Fig. 1. (a) IDC geometry; (b) fabricated interdigital sensor.
The principle of operation for IDC is similar to the conventional parallel-plate capacitor. In a parallel plate 
capacitor, the electric field between two plates pass through the dielectric; In the case of the IDC, a so-called 
fringing electric field into space penetrate through the dielectric that is above the surface of the capacitor. In both 
cases, the electric field passes through the dielectric, and the impedance of each structure can be calculated. 
Nevertheless, the calculation for an IDC is more complicated than for a parallel plate capacitor. Different 
mathematical models are available for the estimation of the IDC [4-6]. Besides, finite element analysis (FEA) is also 
widely used to study the IDC based applications. 
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3. Experiments
3.1. Sensor fabrication
The IDC fabrication process is based on Printed Circuit Board (PCB) technology including steps such as:
photolithography, etching and etc. The fabricated sensor (Fig. 1b) consists of 60 fingers, with w and g designed to 
be 100 ȝP, and L 15mm. The ȝPthick Cu track is supported by ȝPthick polyimide substrate. A thin layer of
Organic Solderability Preservative (OSP) is applied to the copper surface to prevent it from oxidation [7].
(a)                                                                                         (b)
Fig. 2. (a) curing; (b) post-curing setup.
3.2. DEA measurement 
An HP 4284A Precision LCR meter was used for the impedance measurements. 4-probe sensing is utilized 
between the IDC and the LCR meter for improved measurement accuracy. A Python-based controlling software is 
running on the PC for the logging of the measurement data. An AC sinusoidal signal is applied to the IDC. The AC 
frequency range is between 100 Hz and 100 kHz with 10 measurements per decade.
3.3. Temperature measurement
2 thermocouples were installed for the thermal measurement: one next to the IDC for the monitoring of the local 
temperature profile within the resin, one outside the resin for the monitoring of the ambient temperature profile. A
National Instrument USB acquisition card was used for the temperature measurements, and data were logged 
through a Labview-based controlling software on PC. 
3.4. Materials
The epoxy based resin EPIKOTE™ MGS® RIMR 135 from Momentive was selected in combination with the 
EPIKURE™ MGS® RIMH 137 curing agent. The mixing ratio is 100:30±2 by weight. As stated in the datasheet a 
complete cure cycle usually takes 24h at room temperature, subsequently followed by a 15h postcuring at 80 °C.
3.5. Curing test and post curing test
Before start, the IDC was suspended in a beaker, into which the resin would be poured (Fig.2(a)). The IDC was 
connected to the LCR meter and calibrated. One thermocouple was suspended closely next to the interdigital sensor 
for the local temperature measurement, and another one was outside the beaker for the ambient temperature 
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measurement. The experiments were conducted in isothermal conditions at 20°C. 300g of RIMR135 (epoxy) and 
90g of RIMH137 (curing agent) were poured into a container and thoroughly mixed by a mechanical blender. The 
remaining air bubbles present in the mixture were removed by a vacuum bell. Then the mixture was slowly poured
into the beaker, until the IDC and the thermocouple were completely covered by the mixture. The mixture was let 
cured for 24h. Afterwards, the resin was put in an oven (Fig.2(b)). The dielectric measurement and thermal 
measurement were reconnected and re-calibrated. The oven was heated up to 80°C in an hour, kept at 80°C for 15h,
and then shut down to cool down the resin to 20°C. A 2nd temperature cycle followed the post curing, the oven was 
again heated up to 80°C in an hour, kept at 80°C for 7h, and then shut down.
4. Results and discussion
4.1. Curing monitoring
                                                (a)                                                                                                             (b)
                                                           (c)                                                                                                             (d)
Fig. 3. (a) ѓ’ change during the first 24 minutes; (b) ѓ’ change during the first 24h; (c) ѓ” change during the first 24 minutes; (d) ѓ” change during 
the first 24h.
Fig. 3 shows the changes in dielectric properties and temperature during the first 24h of the cure. The dielectric 
properties (ѓ’ §DQG very low ѓ”) measured at the beginning indicates the presence of air in the vinicity of the IDC. 
Shortly after the resin is poured into the beaker, dramatic increase in measured dielectric properties is observed 
(Fig.3(a)(c)). This indicates the flow of the resin over the IDC. On the contrary, little changes in temperature are 
observed at this stage. Since the resin starts off as low viscous liquid, the ionic impurities in the resin are able to 
move freely. The free moving ionic impurities, which are related to the conductivity, contribute to the resin’s loss 
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factor. As the cure progresses, 3D network of polymers is formed and expanded. The resin system becomes more 
viscous and the ionic movement is restricted by the polymer network. The formation of the polymer network 
influences the change in permittivity. The restricted ionic movement results in the decrease of the loss factor. The 
dielectric analysis can be confirmed by the dramatic increase in resin temperature during the first 8h, caused by the 
cure since the cure is an exothermic reaction. After 10h, the slower change in dielectric properties indicates the 
slowdown of the cure, and this is confirmed by the decrease of the resin temperature as less exothermic reaction 
happened. The dielectric properties then show almost no change and saturate to the final values.
(a)                                                                                           (b)
(c)                                                                                           (d)
Fig. 4. (a) ѓ’ change during the 1st post curing (b) ѓ’ change during the 2nd post curing (c) ѓ” change during the 1st post curing (d) ѓ” change 
during the 2nd post curing.
4.2. Post-curing monitoring
The heating up of the oven leads to an increase in resin temperature. As the dielectric properties are temperature 
dependent, an increase in dielectric properties are observed in the first hour of post curing (Fig. 4(a)(b)(c)(d)). In 
Fig. 4(a)(c), a peak of ѓ’ and ѓ’, which indicates the further polymerization, are observed. This further 
polymerization is confirmed by an overshoot of the resin temperature to almost 90 °C, caused by the exothermic 
reaction during the polymerization. After the peak, dielectric values decrease and saturate to nearly stable values 
since the oven is kept at 80 °C. After 16h, the oven is shut down, and the decrease in temperature causes the drop in 
dielectric values. 
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Unlike the 1st post curing, the peak of dielectric properties and the overshoot of temperature are not observed at 
the 2nd post curing (Fig. 4(b)(d)). What we see, instead, is a smooth increase of dielectric properties along with the 
temperature raise. Since the cure is almost completed, no more polymerization is happening anymore. The dielectric 
change is mainly dependent on the temperature. This can be proved by the fact that the observed dielectric values at 
80 °C at the 2nd post curing are very close to the one at the 1st post curing (after the peak of course). 
5. Conclusion and future work
In this paper, current progress in the development of a dielectric sensor system for the on-line cure monitoring of 
composites is presented. Since the main change in the dielectric properties of composites during the curing is 
contributed by the matrix material, current work focuses on the study of a pure epoxy resin. RIMR135 epoxy resin 
in combination with RIMH137 curing agent was studied. Interdigital sensor was designed and fabricated for the 
online cure monitoring of the epoxy resin. Experimental data showed clearly the different phases of the curing 
process, and proved the feasibility of the developed system for the on-line cure monitoring of composites.
In future work, the developed monitoring system will be applied to epoxy based composite reinforced by
different types of reinforcements, for instance glass-fibre and carbon-fibre. The IDC is expected to be readily 
applicable for glass-fibre reinforced composite. In the case of carbon-fibre reinforced composite, additional measure 
should be taken to prevent the IDC from short-circuiting due to the conductivity of carbon-fibre. A possible solution 
to this issue might be applying a thin insulation layer on top of the copper electrodes to prevent the short-circuiting 
between the electrodes.
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